Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder and is caused mainly by deletion, duplication and point mutations in the DMD gene. Diagnosis of DMD has been a challenge as the mutations in the DMD gene are heterogeneous and require more than one diagnostic strategy for the validation of the mutation. This study was planned to evaluate the targeted next-generation sequencing (NGS) as a single platform to detect all types of mutations in the DMD gene, thereby reducing the time and costs compared to conventional sequential testing and also provide precise genetic information for emerging gene therapies.
Duchenne muscular dystrophy (DMD) is an X-linked recessive neuromuscular disorder characterized by progressive muscle degeneration and weakness 1 , affecting only males. Clinically, the DMD phenotype includes reduced motor functions, Gowers' sign 2 , increased creatine kinase, scoliosis, and toe walking 3 .
Genetically, DMD results from mutations in the DMD gene, which is one of the longest genes (OMIM: 310200; ~2.5 Mbp) located on chromosome Xp.21.2. It has 79 exons encoding a 14 kbp transcript and protein product of about 427 kDa 4 . It is expressed in skeletal, cardiac and smooth muscles, forming a major part of the dystrophin-glycoprotein complex linking the muscle contractile cytoskeleton to the extracellular matrix, thereby maintaining a structural integrity of the muscle tissue 5 . Mutations in the DMD gene generally result in disruption of the reading frame eventually resulting in the synthesis of a truncated/dysfunctional protein leading to protein degradation 6 . The frequency of occurrence of mutations in the DMD gene, however, is not entirely clear due to lack of a well-defined epidemiological survey. However, from the existing reports on the spectrum of DMD gene mutations, an intragenic deletion mutation of one or more exons accounts for 60 per cent of mutations and is the most common type reported among DMD patients 7 . Point mutations account for approximately 15-20 per cent of DMD cases, majorly resulting in premature stop codons 8 , and duplications account for approximately 11 per cent of DMD cases 9 .
Most commonly used diagnostic techniques such as multiplex ligation probe amplification (MLPA) 10 allow detection of mutations such as deletions/duplication in patients 11 . However, small-nucleotide variations such as single-nucleotide variations (SNVs) and insertion/deletion variants 9 are not detected by MLPA unless the detection probe is situated at the mutation locus 12 . The undetected samples then undergo Sanger sequencing of the exons, which increases the cost and time taken to arrive at a conclusion 13 . The next most comprehensive and accurate method of detection to completely sequence the entire DMD gene is next-generation sequencing (NGS), which can detect deletions/duplications and point mutations 14 . NGS might serve as a single, comprehensive platform for the diagnosis and detection of mutations in DMD. Moreover, the sequence information provided by NGS can easily be applied to treatment initiatives, such as exon skipping, which is one of the most promising forms of therapeutic strategies requiring precise mutational information.
The present study was planned for the identification of novel mutations in patients with DMD using both MLPA and targeted NGS of the DMD gene. Further, the advantages of using NGS in the diagnosis of DMD, mainly in the identification of point mutations and partial deletions of exons were compared with sequential conventional testing.
Material & Methods
This study was approved by the Institutional Ethics Committee of Dystrophy Annihilation Research Trust (DART), Bengaluru, India, and written informed consent was obtained from the patients and/or their families. The study was conducted between February 2016 and March 2017, and consisted of 20 families and 22 unrelated patients who volunteered based on suspected symptoms unique to DMD such as scoliosis, toe walking and inability to walk or being wheelchair-bound and who were referred by a clinician for the diagnosis of DMD by MLPA and NGS.
Sample collection genomic DNA isolation: Blood samples (2 ml) from the DMD patients were collected in a hospital setup using an EDTA Vacutainer (Becton Dickinson, USA). Genomic DNA was isolated from 200 μl of peripheral blood using a QIAamp blood DNA mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
MLPA and targeted NGS of the DMD gene: All DMD patients were initially diagnosed using an MLPA kit (SALSA MLPA KIT P034/035 DMD, MRC-Holland, Amsterdam, The Netherlands) as the first line of diagnosis for the identification of one or more deletions or duplications. All samples irrespective of the MLPA result were subjected to NGS of the DMD gene. The FASTQ files of all the 22 patients included in this study were uploaded on to a repository (http://basil.strandls. com/clinicaldata/sls-DART/). Each sample had a pair of R1 and R2 FASTQ files, for paired-end forward and reverse reads (read 1 and read 2). The TruSight Inherited Disease panel (Illumina, CA, USA) that contains 460 genes associated with severe recessively inherited Mendelian diseases, including the DMD gene, was used for targeted NGS. An analytical validation of the panel showed a sensitivity of 97.82 per cent, a specificity of 99.9 per cent and a reproducibility of greater than 98 per cent. The gene coverage analysis on this panel revealed that exonic and flanking intronic regions of the DMD gene (NM_004006) showed a coverage of greater than 99 per cent (at ≥20 reads). Genomic DNA was used for library preparation 15 for NGS and sequenced on the NextSeq platform (Illumina, CA, USA), according to the manufacturer's instructions.
Library preparation and sequencing: Genomic DNA was quantified and 50-60 ng of the purified genomic DNA from each patient was used for library preparation for NGS as described 15 . DNA was fragmented and tagged simultaneously using Nextera ® technology (Illumina, CA, USA), and using a limited-cycle polymerase chain reaction (PCR) approach 16 . The adapters were incorporated followed by sample-specific barcodes from which NGS libraries were prepared.
For target enrichment, approximately 500 ng of an individual sample library was pooled with three other libraries having unique indices. These were subjected to enrichment that involved two successive hybridization steps with target-specific biotinylated probes. These probes were targeted at the exons and exon-intron junctions of the 460 genes. The target-specific probes were used to pull down the regions of interest. The target libraries were amplified using limited-cycle PCR steps. The tagged and amplified sample libraries were checked for quality. These were quantified using a BioAnalyzer (Agilent, CA, USA). About 6-10 pM of the pooled library was loaded and sequenced on the MiSeq platform (Illumina, CA, USA), according to the manufacturer's instructions.
Analysis of NGS data:
The trimmed FASTQ files were generated using a MiSeq Reporter from Illumina. The reads were aligned against the whole-genome build hg19 using Strand NGS v2.6 (Strand Life Sciences, Bengaluru) 15 . The Strand NGS variant caller was used to detect variants at locations in the target regions covered by a minimum of 10 reads with at least two variant reads. Reads that failed the quality control metrics, such as reads with average quality <20, and reads with ambiguous characters were filtered.
Variants were imported into StrandOmics v3.4 (https://strandls.com/bioinformatics/). Annotation and prioritization of variants with suggestive American College of Medical Genetics and Genomics (ACMG) labels were done by automated pipelines in StrandOmics 17 . StrandOmics is a clinical interpretation and reporting platform that combines knowledge from internally curated literature content and various publically available data sources (such as Uniprot, OMIM, HGMD, ClinVar, ARUP, dbSNP, 1000 Genomes, Exome Variant Server and Exome Aggregation Consortium). In addition to databases, bioinformatics prediction tools (such as SIFT, PolyPhen HVAR/HDIV, Mutation Taster, Mutation Assessor, FATHMM, LRT for missense variants and NNSPLICE and ASSP tools for variants in essential splice sites and exon-intron boundaries) have also been integrated to assess the pathogenicity of the variants. This integrated knowledge is used to prioritize automatically a list of variants based on the ACMG guidelines 17 , the inheritance model, disease phenotype, sequence conservation across various species and allelic frequency in our laboratory's internal patientpooled database. A variant was labelled 'novel' if it had not been previously reported in the literature or in any public database.
The identified variants were labelled according to the ACMG recommended standards for the interpretation and reporting of sequence variations. Accordingly, the variants were classified into five categories: (i) pathogenic, (ii) likely pathogenic, (iii) variant of uncertain significance (VUS), (iv) likely benign, and (v) benign. 'Pathogenic', 'likely pathogenic' and 'variants of uncertain significance' were considered for reporting.
In addition to SNVs and indels, copy number analysis was performed to identify large deletions or insertions ranging from a single exon to multiple exon deletions in DMD 18 . In addition, split-read analysis for the identification of breakpoints was done as previously described 18, 19 .
Results
All DMD patients were initially diagnosed using MLPA, and subsequently irrespective of the results obtained from the MLPA, targeted NGS of the DMD gene was carried out.
Mutation frequency among the study participants: The Table shows the mutations identified using the MLPA and NGS analyses of both deletions and SNV and status of the mutation as either previously reported or novel. Nearly 77 per cent of large deletion mutations and 23 per cent of SNVs/small deletion mutations accounted for the distribution of mutations in the DMD gene (Table) . The results of deletions identified by MLPA were related with the deletions identified by NGS with respect to large deletions except for non-detection of point mutations in three patients (DMD18-21) and partial deletion of exon 33 in one patient (DMD22), which was identified as a complete deletion of exons 33-45 by MLPA.
Large deletions: A total of 13 different large deletions were identified among 16 DMD patients; large deletions (deletion of more than 1 exon) were higher (Table) . Exon 33 was found to be partially deleted, whereas the rest of the exons 34-35 were completely deleted. Among the large deletions, patient DMD6 had deletion of exons 18-29 again novel deletion, not reported previously.
Partial deletion of exon 33 in DMD22: In patient DMD22, there was a deletion of 149 nucleotides from the 3' end of exon 33 and complete deletion of exons 34-45 of the DMD gene (Figure) . The deletion was identified by a split-read analysis tool, available in the Strand NGS software, which allowed us to determine the breakpoint(s) of a deletion, if it occurred within the coding region. For this, reads that did not align with an alignment score of greater than 95 per cent were subjected to split-read alignment 18 , as described previously 19 . In brief, the input reads were split into two segments, each segment was mapped independently to the reference genome and the split segments that were required to align uniquely were investigated, with an alignment score of at least 97 per cent. Based on these split-read alignment scores, a structural variant caller integrated into Strand NGS was used to call out large deletions, insertions, inversions and translocation events.
Single-nucleotide variation (SNV):
SNVs accounted for about 23 per cent of the total patients. There were no specific hotspots found to be associated with the point mutations as these were distributed across different exons among the study patients. Among the patients displaying point mutations as shown in the Table, DMD17 Ambulatory status, present age, and type of mutation: Ambulatory status of the study patients was examined to analyze the effect of the mutation type with respect to age at which the patients would become wheelchairbound. The Table shows the ambulatory status, age at loss of ambulation, age at onset, present age and the mutation type of the patients in the study group. There was no association among the ambulatory status, age 
Discussion
An accurate and comprehensive one-point diagnosis has been a challenge in the case of DMD due to the variability in mutation type and availability of more than one technology such as mPCR 20 , MLPA and NGS 14, 21 , each with a different sensitivity in identifying the type of mutation 22, 23 . The precise location of the point mutation is necessary for designing and implementing therapeutic strategies such as exon skipping 24 . MLPA is limited to the precise identification of deletions/ duplications, whereas SNVs are undetected; there is, therefore, the need for additional techniques such as Sanger sequencing and NGS. Hence, it is imperative to adapt to a single, comprehensive platform that is robust and a sensitive technology to illuminate all possible information on mutations in the DMD gene. Moreover, employing multiple testing strategies is time-consuming and expensive.
In this study, of the 22 DMD patients, large deletions were found in 16 (DMD1-16), by MLPA, and the same was validated, displaying exactly the same mutations, by NGS. However, SNVs from patients DMD17-21 were not detected using the conventional MLPA technique.
Large deletions were found between exons 8 and 55 in 17 patients and SNVs in five. The deletion of the exons ranged from a minimum of a single exon to a maximum of 11 exons. The deletions were found to be situated majorly in the rod domain of the dystrophin protein. The SNVs in the study group were found to be in the rod domain of dystrophin, while patient DMD21 had a previously reported nonsense mutation in exon 7 (c.583C>T; p.Arg195*) 25 , situated in the ABD2 within the rod domain where dystrophin binds with the actin filaments 26, 27 .
Previously, methods of detection of DMD included MLPA and array comparative genomic hybridization 28 , methods that are limited in their capacity to detect large deletions and duplications and do not detect SNVs, thus making NGS the strategy of choice 13 as a single-point detection technique especially for DMD. Novel mutations that were not previously reported in large deletions in patient DMD 6 with deletion of exons 18-29 were identified. In patient DMD22 where a large deletion of exons 33-45 by MLPA was identified, NGS showed previously not reported partial deletion of exon 33 and complete deletion of exons 34-45. Partial deletions of an exon in the proband and carrier have been reported 13 , suggesting a probability of the presence of breakpoints within exons.
Novel variant identified in exons 33-45 of patients DMD22, are predicted to cause premature termination of the protein. Due to the introduction of a premature stop codon, the aberrant transcript will likely be targeted by the nonsense-mediated mRNA decay mechanism, which might result in loss of function. A novel variant identified in DMD6 and DMD22 results in multi-exon deletions involving exons 18-29 and exons 33-45, respectively. Exonic deletion spanning these exons of the DMD gene has been reported in patients with a clinical diagnosis of DMD 29, 30 and, thus, is likely to be disease-causing.
Exon skipping is one of the most promising strategies in the clinical trial phase 30 and used in other strategies such as the premature termination suppression drugs for example, ataluren (PTC124) 31 . In the case of complete deletion of exons, strategies such as exon skipping can be employed to skip one or more exons to restore the reading frame 32 . However, clear genetic information on the mutation in the DMD gene is a prerequisite before the patient can benefit from the exon-skipping strategy 33 . One such example in our study was the partial deletion of exon 33 and complete deletion of exons 34-45. Breakpoints in the DMD gene were previously thought to be within introns until it was reported that breakpoints are also present within exons 9 . The presence of internal exonic breakpoints results in the partial deletion of exons, which was not identified using MLPA. In our study, a partial deletion in exon 33 in patient DMD22 was identified with NGS, which was not identified using MLPA. An in-frame mutation, which is supposed to present a milder phenotype, could actually be pathogenic in the case of partial deletion within exons. A targeted NGS approach gives a precise location that could identify such breakpoints. Moreover, partial deletions may also change the effect of exon skipping if the antisense oligonucleotides (AONs) are not designed based on the breakpoints within exons 13 .
One of the limitations of the study was the sample size and it would be appropriate to conduct similar studies using a larger sample size to arrive at a conclusion in using NGS as a single platform in the diagnosis of DMD.
In conclusion, our findings showed NGS as a confirmatory platform for the detection of DMD irrespective of the mutation detected by MLPA. This would have a significant implication in saving on time and cost when compared to sequential testing. Also NGS is important in the context of non-detectable mutation by MLPA. With emerging therapeutic strategies such as exon skipping, NGS would provide more information on the design of AONs for mutations including point mutations and partial exon deletions in DMD.
